The structural, spectroscopic, and thermodynamic properties of 10 gas phase organic molecules related to atmospheric chemistry, including three peroxides and four carboxylic acids, are reviewed. The calculation of the thermochemical tables involved the critical evaluation of new spectroscopic data, enthalpy of formation determinations, and the use of recent internal rotation data. Since insufficient information to characterize all 10 molecules exists, estimation schemes were used to provide the missing experimental and theoretical data. © 2001 by the U.S. Secretary of Commerce on behalf of the United States. All rights reserved.
Introduction
A large number of biogenic and industrial polutant species play a direct or indirect role in tropospheric smog chemistry. Modeling of the kinetics of tropospheric chemical reaction processes often requires thermodynamic data. In the following, evaluated thermodynamic data for a few smaller organic species including some peroxides relevant to smog chemistry and atmospheric chemistry in general are presented.
The ideal gas thermodynamic properties of the polyatomic molecules were calculated by standard statistical mechanical methods in which a rigid-rotor harmonic-oscillator model, modified where appropriate for internal rotations, was assumed for each compound. The statistical formulas for thermodynamic functions are discussed in several textbooks, review articles, and reference books. [1] [2] [3] [4] [5] [6] Molecular and spectroscopic constants needed for the calculations were selected from the literature. In a few cases missing data were estimated by analogy to related compounds. For some molecules, the fundamental frequencies were estimated by normal coordinate calculations using force constants transferred from related molecules and the program NCA written by Novikov and Malyshev. 7 To evaluate the internal rotational contributions to the thermodynamic functions, the internal rotational partition function was formed by the summation of internal rotational energy levels for each rotor. These energy levels were obtained by the diagonalization of the one dimensional Hamiltonian using a potential function of the form
where is the internal rotational angle. The method of generating the internal rotation energy levels has been described by Lewis et al. 8, 9 The constant required to generate the internal rotational energy levels for each rotor is the internal rotational constant ͑F ͒ or reduced moment of inertia of the rotating group (I r ). Where available, the V n terms and internal rotational constant were taken from spectroscopic data. If the F value was unavailable, it was calculated from the reduced moment of inertia with the relationship
Fϭh/8
2 cI r . ͑2͒
The value of I r was calculated using molecular structural parameters with a computer program based on a method of calculating the reduced moments of inertia developed by Pitzer and Gwinn. 10, 11 A molecular model of an equilibrium mixture of trans and cis isomers was employed for calculating the thermodynamic functions of glyoxal. 4, 12, 13 This method uses the enthalpy difference between the two conformers to calculate the equilibrium mole fraction of each species. From these data and thermodynamic functions of two conformers, values of thermodynamic functions were calculated, allowing for the mixing of two conformers.
The sources of uncertainties in the calculated thermodynamic functions arise from uncertainties in the molecular constants used in the calculations as well as deviations from the rigid-rotor harmonic-oscillator model. In this work the uncertainties in the thermodynamic functions were estimated by the procedure developed by Gurvich et al. 6 This approach predicts the uncertainties in the thermodynamic functions S°(T) and C p°( T) for simple molecules such as C 3 N 2 O reasonably well. For molecules with one or more internal rotations, the additional uncertainties due to deviations from the rigid-rotor harmonic-oscillator model are difficult to assess. The largest uncertainty probably arises from the anharmonicity of the asymmetric torsion. This will have little effect at room temperature but may be significant at the higher temperatures. The total estimated uncertainties in the thermodynamic functions S°(T) and C p°( T) in the range between 298.15 and 2000 K are given in the discussions for each molecule.
Based on the selected values of the molecular constants, the ideal gas thermodynamic functions, heat capacity, C p°( T), entropy, S°(T), enthalpy ͓H°(T) ϪH°(298.15 K)͔, and the Gibbs energy function ͕Ϫ͓G°(T)ϪH°(298.15 K)͔/T͖, have been calculated for selected temperatures up to 2000 K at the standard state pressure, p°ϭ0.1 MPa. ͑In the tables that follow in a few cases excited electronic states have been factored into the calculations; the energy of an electronic state relative to the ground electronic state is given as ⌫ ; the degeneracy of electronic states are referred to in these tables as the ''quantum weight,'' g ⌫ .) The enthalpy of formation values ͓⌬ f H°(298.15 K)͔ were selected by analyzing experimental studies which may result in the enthalpies of formation determination. In the absence of experimental data, the ⌬ f H°(298.15 K) values were estimated by approximate methods accepted as standard for organic molecules and radicals. 14, 15 The calculated values of the enthalpy difference, ͓H°(T) ϪH°(298.15 K)͔, and entropy, S°(T), of the ideal gas were combined with values of the enthalpies and entropies of the elements in their reference states to derive values of enthalpy of formation (⌬ f H°), Gibbs energy of formation (⌬ f G°), and the logarithm of the equilibrium constant of formation (log K f°) of the substances as a function of temperature over the range of 0-2000 K.
Values used here of ͓H°(T)-H°(298.15 K)͔ and S°(T) for the elements in their reference states ͓H 2 ͑g͒, C͑cr, graphite͒, O 2 ͑g͒, N 2 ͑g͒, F 2 ͑g͒, Cl 2 ͑g͒, and Br 2 ͑cr,liq,T Ͻ332.503 K) and Br 2 ͑g,TϾ332.503 K] are those given in the JANAF Thermochemical Tables. 5 , the contributions due to the internal rotation about C-C bond were calculated from the potential: 
Bromoacetic Acid, CH 2 Br-COOH
V()ϭ 1 2 V 3 (1Ϫcos 3 ),ЄC-CϭOϭ126Ϯ1°Є C-C-Oϭ111Ϯ1.5°Є C-C-Brϭ112.5Ϯ1.5°Є C-C-Hϭ112Ϯ2°r (C-C͒ϭ1.51Ϯ0.01 Å ЄH-C-Hϭ109.5Ϯ1°r (CvO͒ϭ1.21Ϯ0.01 Å ЄC-O-Hϭ106Ϯ1°r (C-O͒ϭ1.36Ϯ0.01 Å (OvC-C-Br)ϭ0.0°r (C-Br͒ϭ1.95Ϯ0.02 Å (OvC-O-H)ϭ0.0°R
Enthalpy of Formation
The recommended value of enthalpy of formation of gaseous bromoacetic acid, Ϫ(383.5Ϯ3. 
Heat Capacity and Entropy
From their microwave study, van Eijck et al. 5 determined the rotational constants of three isotopic species (CH 2 79 BrCOOH, CH 2 81 BrCOOH, and CH 2 79 BrCOOD͒. Although no complete structure could be evaluated from the available data, the substitution coordinates of the Br atom and the carboxyl H atom were consistent only with the trans structure with respect to the atoms Br-C-C-O-H. This conformation is identical to lowest-energy form of chloroacetic acid named as cis-syn because of cis configuration for OvC-O-H and Cl-C-CvO groups. The cis structure with respect to the atoms Br-C-C-O-H was obtained by Chen et al. 6 from ab initio calculation. However, the geometry of chloroacetic acid calculated by Chen et al. 6 was also not consistent with that determined from experimental studies. The trans structure with respect to the atoms Br-C-C-O-H ͑C s symmetry͒ is accepted in this work for lowest-energy conformer of bromoacetic acid in accord with the microwave data. 5 The isotope-weighted value of the product of the principal moments of inertia of bromoacetic acid is calculated in this work from the rotational constants for CH 2 79 BrCOOH and CH 2 81 BrCOOH. 5 Structural parameters given above are those estimated by comparison with structural parameters of CH 3 There is no information on other stable conformers of bromoacetic acid arising from internal rotation around the C-C bond. van Eijck et al. 5 could only conclude that the gauche conformation, if present, is not significantly higher in energy than the trans conformation. Their rough estimate of the torsional frequency, 47 cm
Ϫ1
, may be compared with 62 cm Ϫ1 for chloroacetic acid. 11 As in the case of chloroacetic acid, the simple potential,
where is the Br-C-CvO torsional angle, is used in this work to calculate the internal rotational contributions to the thermodynamic functions of bromoacetic acid. The barrier height for the rotation about the C-C bond is practically the same in CH 2 ClCH 3 and CH 2 BrCH 3 molecules. 12, 13 For that reason, the value of V 3 for bromoacetic acid was accepted to be the same as that for chloroacetic acid. The value of the reduced moment of inertia for the CH 2 Br top was derived from structural parameters adopted in this work ͑see above͒.
Vibrational spectra of bromoacetic acid were investigated only for a solid phase. [14] [15] [16] [17] These vibrational assignments are incomplete and it may be expected that they are much different from a gaseous spectrum as in the case of chloroacetic acid. Fundamental frequencies of gaseous bromoacetic acid were estimated in this work by normal coordinate calculations using the force constants transferred from related compounds. Simplified force fields for CH 3 COOH, CH 2 ClCH 3 , CH 2 BrCH 3 , and CH 2 ClCOOH were determined using experimental vibrational assignments for these molecules. [18] [19] [20] [21] 37 force constants were used to calculate the vibrational frequencies of bromoacetic acid:
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͑stretching and stretch-stretch interaction constants are in units of mdyn/Å; bend, wagging, and torsion constants are in units of mdyn Å; stretch-bend interaction constants are in units of mdyn͒. These constants were transferred from CH 3 COOH and CH 2 BrCH 3 molecules with corrections made by analyzing the trends in force constants of molecules CH 3 COOH, CH 2 ClCH 3 , and CH 2 ClCOOH.
The uncertainties in the calculated thermodynamic functions ͑Table 1͒ may reach ͑3-6͒ J K Ϫ1 mol Ϫ1 for C p°( T) and ͑5-12͒ J K Ϫ1 mol Ϫ1 for S°(T). They are caused by the uncertainties in the adopted vibrational frequencies and the approximate treatment of internal rotation.
Ideal gas thermodynamic properties of bromoacetic acid have not been reported previously. Geometry 
Chloroacetic Acid, CH 2 Cl-COOH
T ͑K͒ C p°͑ J K Ϫ1 mol Ϫ1 ͒ S°͑ J K Ϫ1 mol Ϫ1 ͒ Ϫ͓G°ϪH°(T r )͔/T ͑J K Ϫ1 mol Ϫ1 ͒ H°ϪH°(T r ) ͑kJ mol Ϫ1 ͒ ⌬ f H°͑ kJ mol Ϫ1 ͒ ⌬ f G°͑ kJ mol Ϫ1 ͒ log K f°0r(C-H͒ϭ1.09Ϯ0.02 Å r(O-H͒ϭ0.97Ϯ0.015 Å ЄC-CvOϭ126.1Ϯ0.5°Є C-C-Oϭ110.6Ϯ0.4°Є C-C-Clϭ112.5Ϯ0.4°Є C-C-Hϭ109.5 ͑assumed͒ r(C-C͒ϭ1.508Ϯ0.006 Å ЄH-C-Hϭ109.5 ͑assumed͒ r(CvO͒ϭ1.223Ϯ0.004 Å ЄC-O-Hϭ105.8Ϯ1.1°r (C-O͒ϭ1.352Ϯ0.005 Å (OvC-C-Cl)ϭ0.0°r (C-Cl͒ϭ1.
Enthalpy of Formation
The recommended value of the enthalpy of formation of gaseous chloroacetic acid at 298.15 K is the sum of the enthalpy of formation of the ␣ form of the solid and the enthalpy of sublimation both at 298. 15 
Heat Capacity and Entropy
According to the experimental [13] [14] [15] [16] [17] [18] and theoretical 15, [17] [18] [19] studies, the lowest-energy conformer of chloroacetic acid (CH 2 Cl-CO-OH) has the cis-syn structure ͑C s symmetry͒ with the cis configuration for the carboxylic group and with the chlorine atom lying in the carboxylic plane eclipsed with the carbonyl group. The second more stable form corresponds to the cis-gauche structure with a Cl-C-CvO angle of ϳ130°͑C 1 symmetry͒. This form differs from cissyn by internal rotation of the CH 2 Cl group about the C-C bond. Structural parameters of the most stable conformer of chloroacetic acid were determined by gas phase electron diffraction. 14 These parameters are in good agreement with results from ab initio 18, 19 and molecular mechanics 15 calculations. In this work, the product of the principal moments of inertia for the most stable cis-syn conformer of chloroacetic acid was calculated using rotational constants determined from the microwave study. 13 Structural parameters given above are those obtained from the electron diffraction 14 These parameters reproduce the product of the principal moments of inertia calculated above within 3%.
Three conformations with respect to internal rotation around the C-C bond were found from an electron diffraction investigation, 14 namely, 56% of a cis-syn conformation, 30% of a cis-gauche conformation with the CH 2 Cl group rotated 131°from the former position, and the remaining 14% of a cis-gauche conformation with 79°rotation of the CH 2 Cl group. Three conformers of chloroacetic acid were identified by vibrational spectroscopy. [15] [16] [17] [18] Two of them were cis-syn and cis-gauche in agreement with the electron diffraction data. The third stable form was found to have the trans structure, in which the carboxylic hydrogen atom is in the trans position with respect to the CvO bond. Trans conformers arise from rotation of the OH group about the C-O bond. Ab initio calculations 17, 18 and molecular mechanics studies 15 strongly suggest that the third stable form should be the trans form. The barrier height for the rotation of the OH group around the C-O bond is predicted to be 1700-3500 cm
Ϫ1
. [16] [17] [18] Due to the height of this barrier and the temperature range of the present tabulation, this internal rotation was ignored in this work.
Two cis conformers with respect to internal rotation about the C-C bond were considered in this work: the cis-syn conformer of C s symmetry and two enantiomeric forms of cis-gauche conformer of C 1 symmetry. The observed data and the calculations 14, [16] [17] [18] consistently predict a slight energy preference for the cis-syn form and a small barrier of ͑400-450͒ cm Ϫ1 for its interconversion. The simple potential
where is the Cl-C-CvO torsional angle, is used here for a very approximate calculation of the internal rotational contributions to the thermodynamic functions of chloroacetic acid. The value of the reduced moment of inertia for the CH 2 Cl top was derived from the electron diffraction structural parameters.
14 Vibrational spectra of chloroacetic acid were studied in the liquid and solid phases, 15, 20, 21 in the vapor 22 and matrix. 16, 18 The fundamental frequencies adopted in this work are those derived by Nieminen et al. 18 from matrix isolation infrared spectra ( 1 , 3 -5 , 7 , 8 , 9 , 15 -17 ) and ab initio calculation ( 2 , 6 , 10 -14 ). These frequencies are in good agreement with results of normal coordinate analysis, 22 molecular mechanics, 15 and ab initio 17 calculations. The value for the torsional frequency, 18 , was estimated from the microwave spectrum 13 and it coincides with the value calculated by the ab initio method. 18 The uncertainties in the calculated thermodynamic functions ͑Table 2͒ may amount to as much as ͑3-5͒ J K Ϫ1 mol
for C p°( T) and 5-10 J K Ϫ1 mol Ϫ1 for S°(T). They are caused by the uncertainties in the adopted vibrational frequencies and the approximate treatment of the internal rotation.
Thermodynamic properties of chloroacetic acid were calculated earlier by Banerjee 23 using molecular constants known at that time. A value for the barrier height of ϳ1750 cm Ϫ1 was adopted for calculating the internal rotation contributions of the CH 2 Cl and OH groups. The difference between the values of C p°( T) and S°(T) given here and those by Banerjee 23 
Enthalpy of Formation
The recommended value of enthalpy of formation of oxopropanedinitrile is based on calorimetric measurements by von Glemser and Häusser 1 as evaluated by Cox and Pilcher. and theoretical [12] [13] [14] [15] [16] [17] [18] [19] [20] investigations have shown that oxopropanedinitrile, CO͑CN͒ 2 , is planar in its ground electronic state X 1 A 1 and belongs to the C 2 symmetry group. In this work, the product of the principal moments of inertia of CO͑CN͒ 2 was calculated using the rotational constants determined by microwave spectroscopy. 4 In the absence of isotopic data, a unique set of geometrical parameters cannot be obtained from the microwave spectrum. Structural parameters given above are r e parameters determined by combining the results of electron diffraction, microwave spectroscopy, and ab initio calculations. 20 These parameters give values for rotational constants which are only 0.3%-0.9% different from the observed values. The C-CϵN chain appears to be nearly linear, the deviation from linearity being 0.8°. A small inward bend ͑0.5°-2°͒ was also found by ab initio calculations 12, 13, 19 but is contradicted by ab initio calculations of Tyrrell 15 where the C-CϵN is bent outwards by 1.2°.
Vibrational spectra of oxopropanedinitrile were studied in the gas, liquid, and solid phase [5] [6] [7] [8] [9] [10] but there are still several uncertainties in the assignment of the fundamentals. The vibrational frequencies accepted in this work are those assigned by Miller et al. 9 from infrared and Raman spectra of gaseous and liquid oxopropanedinitrile. Their assignment was supported by ab initio calculation. 15 According to the semiempirical calculation, 21 the excited electronic states of CO͑CN͒ 2 lie above 24 000 cm Ϫ1 . They are not taken into account in the calculation of thermodynamic functions. The uncertainties in the calculated thermodynamic functions ͑Table 3͒are estimated to be ͑1-2͒ J K Ϫ1 mol Ϫ1 for C p°( T) and ͑1-2.5͒ J K Ϫ1 mol Ϫ1 for S°(T). Thermodynamic properties of CO͑CN͒ 2 were calculated earlier by Natarajan and Rajendran 22 using electron diffrac-
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tion structural parameters 11 and the vibrational assignment of Bates and Smith. 8 The numerical data in the four columns of the table of thermodynamic functions in Natarajan and Rajendran 22 are transposed. Moreover, these functions do not correspond to the molecular constants used by the authors. The difference between the C p°( T) and S°(T) values given here and those by Natarajan and Rajendran 22 amounts to 20 J K Ϫ1 mol Ϫ1 and could not be due to the discrepancy in molecular constants used.
References

Glycolic Acid, HOACH 2 ACOOH
Ideal gas M r ϭ76.0518 , the contributions due to the internal rotation round the C-C bond were calculated from the potential
COOH top: Reduced moment of inertia, I r ϭ1.9292ϫ10 Ϫ39 g cm 2 , Symmetry number, m ϭ1. 
Enthalpy of Formation
No experimental or theoretical data on enthalpy of formation of gaseous glycolic acid are known from the literature. The value accepted in this work,
, is based on two estimates by additivity methods.
The first value was estimated by group additivity using the equation
with group values generated by Cohen 1 except for the missing value for the ͓C-͑H͒ 2 ͑CO͒͑O͔͒ group. The latter was evaluated from values known for related groups: were taken from a compilation by Pedley. 3 A value intermediate between the above two estimates was assigned to the enthalpy of formation of glycolic acid.
Heat Capacity and Entropy
From microwave spectroscopic studies, 4-6 the lowestenergy structure of glycolic acid was concluded to be of C s symmetry with the alcoholic hydroxyl group pointing toward the carbonyl oxygen of carboxyl group. This structure involves the intramolecular bonding between the alcohol hydrogen and the carbonyl oxygen. With the exception of the methylene hydrogen all the atoms in the molecule were found to be coplanar. The pathways and energy barriers involved in possible conformational interconversions of glycolic acid were investigated by ab initio calculations. [7] [8] [9] [10] [11] [12] Along with rotamers of cis-glycolic acid, where the carbonyl group has the cis conformation with its hydroxyl group, the conformers of trans-glycolic acid were predicted from theoretical studies. Based on electron diffraction data 13 the second lowest conformer has been assigned to a cis-glycolic acid with hydrogen bonding between two hydroxyl groups. The energy difference between these conformers was found to be 1470 cm Ϫ1 based on fitting to the diffraction data. However, this result is in conflict with theoretical data 8, [10] [11] [12] predicting the energy difference for the two lowest conformers to be 530-880 cm Ϫ1 . Moreover, it has been shown by Godfrey et al. 11 from ab initio calculations and a microwave study that the two experimentally observed glycolic acid species need not necessarily be the two of lowest energy. The authors in Ref. 11 have assigned the second conformer detected by microwave spectroscopy as the trans-glycolic acid with relative energy of ϳ1200 cm
Ϫ1
. This conformer was structurally quite similar to the trans-glycolic acid conformer detected earlier in an infrared matrix isolation study. 9 The symmetries and relative stabilities of the conformers of glycolic acid adopted in this work are based on the detailed ab initio calculations of Godfrey et al. 11 who tested some of their predictions experimentally. The lowest energy conformer identified by ab initio calculation 11 was found to be the C 1 conformer which is a slightly twisted version of the C s from detected by microwave spectroscopy. [4] [5] [6] A conformer of C 1 symmetry exists in two enantiomeric forms, and there is a small barrier ͑1.5 cm Ϫ1 ͒ between this conformer and its mirror image where the saddle point is of C s symmetry. The ground vibrational state energy in these symmetric double wells may be greater than the height of the saddle point, in which case the effective structure of the observed conformer would closely match the C s conformer of the saddle point. It should be noted that the decision between assigning C s or C 1 symmetry is of great importance for the calculation of the thermodynamic functions. For C 1 symmetry the term R ln 2 must be added to both the entropy and Gibbs energy function because two optically isomeric forms are present. C 1 symmetry was accepted in this work as the point group of the lowest-energy form of glycolic acid.
The product of the principal moments of inertia for the most stable conformer of glycolic acid was calculated using the rotational constants determined from microwave spectrum investigation. 4 Structural parameters given above were determined from the microwave spectra of normal and isotopically substituted species of glycolic acid. 5 In general, these geometric molecular parameters are close to those determined from electron diffraction analysis 13 and ab initio calculations. 7, 8, 10 According to the ab initio calculation of Godfrey et al. 11 the C 1 conformer, a twisted version of cis-form with hydrogen bonding between the hydroxyl groups, is expected to be the second lowest conformer with relative energy of 693 cm
. In this work, the energy profile between two lowestenergy C 1 conformers 11 was approximated by a potential energy function for internal rotation around the C-C bond,
where is the O 4 -C 1 -C 2 -C 5 torsional angle. The eight coefficients (V n ) in the expansion for this moderately complex potential energy function were determined using data from the ab initio calculation by Godfrey et al. 11 The flat minimum at ϭ0°corresponds to the lowest-energy C 1 conformer of glycolic acid. Because of the small barrier height between its enantiomeric forms ͑1.5 cm Ϫ1 ͒, they are not represented by the above potential and their contribution was taken into account by adding the R ln 2 to the entropy and Gibbs energy function. The barrier of 1658 cm Ϫ1 at ϭ110°separates the lowest-energy conformer from the second C 1 stable conformer with an energy minimum of 693 cm Ϫ1 at ϭ155°. There is a barrier of 338 cm Ϫ1 at ϭ180°between this conformer and its mirror image. The value of the reduced moment of inertia I r was calculated using the molecular structural parameters of Blom and Bauder. 5 The next most abundant C 1 conformers with relative energies of ϳ1200 and 1300 cm Ϫ1 ͑Goldfrey et al. 11 ͒ were taken into account in this work ignoring their internal 489 489 NIST-JANAF THERMOCHEMICAL TABLES rotation and adopting their molecular constants to be the same as those of the basic conformer. The conformers with energies of about 2000 cm Ϫ1 and higher were ignored because of their negligible contribution to the thermodynamic functions.
Hollenstein et al. 14 have measured the infrared spectra of 11 isotopic modifications of glycolic acid isolated in an argon matrix and have evaluated the transferable valence force field that reproduced the observed frequencies and isotopic shifts very satisfactorily. The vibrational assignment by Hollenstein et al. 14 for C s symmetry is adopted in this work. Fundamentals of glycolic acid calculated by an ab initio method 10 are close to experimental values except for the low-frequency torsional mode.
The uncertainties in the calculated thermodynamic functions ͑Table 4͒ may reach ͑3-5͒ J K Ϫ1 mol Ϫ1 for C p°( T) and ͑5-10͒ J K Ϫ1 mol Ϫ1 for S°(T). They are essentially due to the approximate treatment of internal rotation in glycolic acid.
Ideal gas thermodynamic properties of glycolic acid have not been reported previously. .213, B 1 ϭϪ1.117, B 2 ϭ0.421, B 3 ϭϪ0.126, B 4 ϭ0.040 
Heat Capacity and Entropy
It has been shown both spectroscopically [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and theoretically [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] that glyoxal (OvCH-CHvO) undergoes rotational isomerization and exists in two planar, trans and cis, forms. The structure of the more stable trans conformer has been determined by a combination of electron diffraction and rotational data. 36 As trans-glyoxal has no dipole moment, there is no microwave spectrum, and accurate rotational constants for the ground state can only be obtained by rotational analysis of infrared or electronic absorption bands. The values obtained for the rotational constants of trans-glyoxal 4, 5, 13, 14, 37 are in good agreement with each other. Using the rotational constants for the five isotopic species, Birss et al. 11 have evaluated the structural parameters for trans-glyoxal. These parameters are in excellent agreement with electron diffraction results. 36 In general, these experimental geometries are in good agreement with theoretical results. 24, 26, 28, [33] [34] [35] [38] [39] [40] [41] [42] [43] The product of the principal moments of inertia for the planar structure of trans-glyoxal of C 2h symmetry was calculated here using the rotational constants determined from a high-resolution Fourier-transform study of trans-glyoxal. 15 Structural parameters of transglyoxal given above are those obtained from an electron diffraction investigation. 36 These parameters reproduce the spectroscopic moments of inertia with in an accuracy of 0.2%-0.3%.
Rotational constants for the ground state of cis-glyoxal were obtained from rotational analysis of the 0-0 band 6, 8 and by microwave spectroscopy. 7, 10, 12, 17, 18 The product of the principal moments of inertia for the planar structure of cisglyoxal of C 2 symmetry was calculated in this work using the rotational constants determined from microwave studies. 17, 18 Sets of possible structural parameters of cisglyoxal were evaluated using the rotational constants for its isotopomers combined with assumptions of the values of some parameters. 7 44 from analysis of microwave data. 17 Vibrational spectra of glyoxal were studied in the gas phase 4 12 ), a rotational fine structure of the C-H stretching band 5 ( 9 ) and a high-resolution infrared Fouriertransform study 15 ( 10 ) . The uncertainties in these values are within 0.5 cm
Ϫ1
. The adopted values of 1 Ϫ 7 and 10 fundamental frequencies of cis-glyoxal are those observed from gas and Ar-matrix spectra. 13 6 provided the first estimate for cis-trans enthalpy difference, ⌬Hϭ(1125Ϯ100) cm Ϫ1 , from the temperature dependence of cis and trans absorption bands in the visible spectrum. Durig et al. 9 obtained the torsional potential function for glyoxal that fits the infrared data of the trans conformer and the microwave intensity data of the cis conformer and yields the ⌬Hϭ(1180Ϯ150) cm Ϫ1 with a barrier height V rot ϭ1770 cm Ϫ1 . The energy difference between the cis and trans conformers has been revised upwards twice by Butz et al., first to (1350Ϯ200) cm Ϫ1 derived from a spectroscopic temperature study 13 and then to (1688Ϯ100) cm
by fitting spectroscopic data to a torsional potential. 16 The potential function obtained by Butz et al. 16 has a barrier to trans-cis rotation of 2077 cm Ϫ1 . Recently Hübner et al. 18 have determined the cis-trans enthalpy difference, ⌬H ϭ(1555Ϯ48) cm
, from absorption intensities of glyoxal by microwave spectroscopy. This value is intermediate between the values reported by Butz et al. 13, 16 Based on this value for ⌬H, Hübner et al. 18 have recalculated the potential curve for internal rotation in glyoxal (V rot ϭ2003 cm ͒. 70 Due to this wide range they are not of help in deciding among the available experimental data.
The torsional potential function determined by Hübner et al. 18 is accepted in this work in order to account for the internal rotation in glyoxal. The Fourier expansion coefficients for the internal rotation constant B were adopted to be the same as those used by Durig et al. 9 and later by other authors. 16, 18 The values of the reduced moment of inertia, I r , were calculated from accepted structural parameters ͑see above͒.
Experimentally observed absorption spectra of glyoxal have been identified with transitions to the excited electronic states ã 3 A u (T 0 ϭ19 199 cm Ϫ1 ) and Ã 1 A u (T 0 ϭ21 973 cm Ϫ1 ). 45, 73, 74 These assignments agree with other experimental [75] [76] [77] [78] [79] and theoretical 35, 80, 81 studies. Dykstra and Schaefer 82 have predicted two low-lying ͑ϳ15 000 cm Ϫ1 ͒ unobserved triplet states from ab initio calculation. Because of high energies of excited electronic states of glyoxal, they are not considered in this work. These electronic states would only make an appreciable contribution to the thermo-
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dynamic functions at temperatures above 3000 K.
The uncertainties in the calculated thermodynamic functions ͑Table 5͒ are estimated to be ͑0.5-3.0͒ J K Ϫ1 mol Ϫ1 for C p°( T) and ͑1.0-3.0͒ J K Ϫ1 mol Ϫ1 for S°(T). The thermodynamic functions of glyoxal as an equilibrium mixture of trans and cis conformers were calculated by Compton. 83 The discrepancies between C p°( T) and S°(T) values calculated in this work and in Compton 83 increase with temperature and reach 3.1 and 2.2 J K Ϫ1 mol Ϫ1 , respectively, at 1000 K. These discrepancies are due to different molecular constants used in the calculations and the noninclusion of internal rotation in glyoxal by Compton. 83 Values of H°(T)ϪH°(0) given by Compton appear to be in error. Hollenstein et al. 84 derived the thermodynamic functions of glyoxal using the semiclassical approximation for the sumover-states calculation for nonrigid molecules. The difference between their C p°( T) and S°(T) values and those calculated in this work range from 0.1 to 8.8 J K Ϫ1 mol
Ϫ1
depending on the level of approximation used. The discrepancies with the results of statistical calculations by Natarajan 85 amount to ͑50-60͒ J K Ϫ1 mol Ϫ1 and cannot be due to differences in the molecular constants used. .
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Cyanooxomethyl Radical, OĊ CN
Enthalpy of Formation
No experimental data are available for enthalpy of formation of the cyanooxomethyl radical. The value accepted in this work was estimated by Francisco and Liu 1 by using the isodesmic reaction approach with the following reaction:
The relationship between the enthalpy of formation of OĊ CN and the enthalpy change of the above reaction is 
Heat Capacity and Entropy
There are no experimental data on structure and vibrational spectra of OĊ CN. According to ab initio calculations, 1,2 a bent structure of C s symmetry is adopted in this work for OĊ CN in the ground electronic state X 2 AЈ. The product of the principal moments of inertia was calculated using the structural parameters shown above. These values are based on the results of ab initio calculations 1,2 and comparison with structural parameters of CO͑CN͒ 2 , COX 2 , and XĊ O (XϭF, Cl) molecules.
Vibrational frequencies of OĊ CN were calculated in this work using the following force constants: These constants were transferred from the CO͑CN͒ 2 molecule except for f C-CϭO and f C-CϵN whose values were reduced by comparison with the bending force constants in COX 2 and XĊ O (XϭF, Cl, Br). Normal coordinate analysis for CO͑CN͒ 2 was carried using the vibrational assignment of Miller et al. 3 The uncertainties in the calculated frequencies of OĊ CN can reach 50 cm Ϫ1 . These frequencies agree overall with those resulting from the ab initio calculation. 1 The first excited electronic state Ã 2 AЉ of OĊ CN was predicted at an energy of ϳ15 500 cm Ϫ1 by an ab initio calculation 1 and was included in the calculations in this work. Structural parameters and vibrational frequencies for the Ã 2 AЉ state were accepted as identical to those of the ground state.
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The uncertainties in the calculated thermodynamic functions ͑Table 6͒ are estimated to be ͑1.5-2.0͒ J K Ϫ1 mol Ϫ1 for C p°( T) and ͑1.5-3.0͒ J K Ϫ1 mol Ϫ1 for S°(T). Ideal gas thermodynamic properties of the cyanooxomethyl radical have not been reported previously. 
Heat Capacity and Entropy
Nahlovska et al. 3 carried out an electron diffraction and an IR study of oxalic acid indicating that the structure was in a planar trans conformation ͑C 2h symmetry͒ in which the hydrogen atom of one COOH group participated in intramolecular hydrogen bonding with the carbonyl oxygen of the other COOH group ͑''hydrogen bonded'' trans conformer͒. Infrared matrix-isolation spectra of oxalic acid 4 were interpreted in terms of the same model and the tentative conclusion was made that a second conformer of oxalic acid exists in the vapor phase. This conformer was suggested to be a trans form ͑C 2h symmetry͒ with the hydrogen atom of each COOH group oriented towards the carbonyl oxygen of the same COOH group ͑''free'' trans form͒. Oxalic acid was determined to be in its trans conformation from x-ray crystallographic studies 5 and no other conformers were observed.
Studies of oxalic acid in solution 6 favored almost free rota-
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tion, which would include a range of possible conformations. Ab initio studies of oxalic acid [7] [8] [9] have obtained a most stable hydrogen bonded trans planar structure in agreement with the results of an electron diffraction investigation. 3 The hydrogen bonded or free trans form was found to be lowest energy depending on the basis set used in the ab initio calculations. 10 The free trans conformer was reported to be most stable by an earlier ab initio study.
11
The hydrogen bonded trans form ͑C 2h symmetry͒ is accepted for oxalic acid in this work. Its product of principal moments of inertia was calculated using the structural parameters determined from the electron diffraction study. 3 Following the results of a theoretical calculation by Tyrrell, 9 it was assumed that there is a slight energy preference for this conformer and only a small barrier of about 2 kcal mol Ϫ1 ͑700 cm Ϫ1 ͒ separating it from other stable conformers. The simple approximate potential,
where is the OC-CO torsional angle, was used here for the calculation of internal rotational contributions to the thermodynamic functions of oxalic acid. The value of the reduced moment of inertia for the COOH top was derived from the molecular constants shown above.
There are several studies of the vibrational spectra of the free C 2 H 2 O 4 molecule 3,4,12-14 but some fundamentals are still unobserved. Stace and Oralratmanee 14 have reported the infrared vapor phase measurements and the first vapor phase Raman spectra. They have proposed a new vibrational frequencies assignment based on their experimental results as well as calculated in-plane frequencies using an UreyBradley force field derived from formic and acetic acid. Redington and Redington 4 have investigated the infrared spectra of oxalic acid vapor and the infrared spectra of matrixisolated C 2 H 2 O 4 , C 2 HDO 4 , and C 2 D 2 O 4 and have carried out a normal coordinate analysis using a general valence force field for the in-plane infrared-active modes. None of the above studies, however, gives a complete vibrational assignment for oxalic acid. De Villepin and Novak 15 have developed a general valence force field for both infrared and Raman frequencies using the relatively small number of experimentally observed fundamentals. Their force field reproduces the experimental vibrational spectra of oxalic and is comparable with force fields already known for other carboxylic acids. The fundamental frequencies 2 Ϫ 5 and 7 adopted here were observed in the Raman spectra of gaseous oxalic acid.
14 The 405 cm Ϫ1 mode was subsequently reassigned to 7 . 4 The values of 8 , 9 , 13 Ϫ 16 , and 18 are those determined from gas-phase infrared spectra. 4 The value for 17 was obtained from spectra of neon matrix-isolated oxalic acid. 4 The uncertainties in these experimental frequencies are in the range of 5-10 cm Ϫ1 . Redington and Redington 4 have suggested tentative values for 6 
, and 12 (B g ) ϭ512 cm Ϫ1 fundamentals using possible combination bands.
The adopted values of these frequencies were taken from normal coordinate calculations. 15 Calculations for the other frequencies are in good agreement with experimental results. The value of the symmetric O-H stretching frequency 1 was accepted to be the same as the value of antisymmetric O-H stretching ( 13 ) and it coincides with the calculated value. 15 The uncertainties in these frequencies are estimated to be 25-50 cm Ϫ1 . Evidently due to its weak intensity, the C-C torsion mode 10 (A u ) was not observed in a vapor phase spectra search that extended down to 35 cm Ϫ1 . 4 Ab initio calculations 8, 10 have suggested the value of 160 cm Ϫ1 for the torsional mode, however, it should be noted that all other calculated values are much greater than those from experiment. Cyvin and Alfheim 16 have calculated 10 ϭ90 cm Ϫ1 using force constants transferred from formic and acetic acids. The value of 110 cm Ϫ1 was obtained from other normal coordinate calculation. 15 The corresponding torsional mode for oxalyl fluoride ͑F-CO-CO-F͒ was observed in the gas phase at 54 cm Ϫ1 and in the solid phase at 94 cm Ϫ1 .
17
From the ratio of tors ͑C 2 F 2 O 2 , solid͒/ tors ͑C 2 F 2 O 2 , gas) ϭ1.74 and the value of 138 cm Ϫ1 for the torsional mode of solid oxalic acid, 15, 18 the value of ϳ80 cm Ϫ1 for the torsional mode of gaseous oxalic acid is expected.
The uncertainties in the calculated thermodynamic functions ͑Table 7͒ may be as much as
. These uncertainties arise from the uncertainties in the adopted values of the vibrational frequencies and the simple and approximate model for internal rotation.
Ideal gas thermodynamic properties of oxalic acid have not been reported previously. , the contributions due to the internal rotation of CH 3 group around the C-O bond were calculated from the potential V()ϭ 
Methyl Hydroperoxide, CH 3 AOAOAH
T ͑K͒ C p°͑ J K Ϫ1 mol Ϫ1 ͒ S°͑ J K Ϫ1 mol Ϫ1 ͒ Ϫ(G°ϪH°(T r ))/T ͑J K Ϫ1 mol Ϫ1 ͒ H°ϪH°(T r ) ͑kJ mol Ϫ1 ͒ ⌬ f H°͑ kJ mol Ϫ1 ͒ ⌬ f G°͑ kJ mol Ϫ1 ͒ log K f°0
Heat Capacity and Entropy
The microwave spectrum of methyl hydroperoxide, CH 3 OOH, has been investigated by Tyblewski et al. 16 However, the assignment of the spectrum was complicated because of the widespread effects of the internal rotation around the O-O bond. The experimental results provide definitive evidence that the minimum of the potential energy relative to internal rotation around the O-O bond corresponds to a skew conformation. The adjustment to the observed data resulted in a small trans barrier of 172.5 cm Ϫ1 . This barrier separates two equivalent potential minima associated with two enantiomeric skew forms. From a preliminary interpretation of microwave data, Tyblewski et al. 17 reported almost all the structural parameters of the CH 3 OOH molecule. In a more detailed study, Tyblewski et al. 16 gave only one parameter adjusted to the observed data, ЄC-C-Oϭ105.3°. All other structural parameters were adopted by those authors from ab initio calculations. Conformational properties of methyl hydroperoxide have been investigated theoretically.
1,2,4-6,11,16,18-22 Ab initio 5, 16, [19] [20] [21] [22] and molecular mechanics 4, 6 calculations provide an equilibrium molecular structure and trans barrier in close agreement with the conclusions of experimental study of Tyblewski et al. 16 The product of the principal moments of inertia of methyl hydroperoxide was calculated in this work using the rotational constants determined from a microwave study. 16 Structural parameters for the skew C 1 symmetry conformation given above are based on the experimental 16 and theoretical [4] [5] [6] 16, [19] [20] [21] [22] data for CH 3 OOH and from comparison with the structural parameters of CH 3 OOCH 3 .
23 These parameters give values for the rotational constants which differ by only 0.4%-0.6% from the observed values.
Methyl hydroperoxide contains OH and CH 3 groups, which rotate around O-O and C-O bonds. Contributions to the thermodynamic functions from these hindered rotors were evaluated in this work based on available data on rotational barriers in CH 3 OOH. The value of V 3 ϭ1120 cm Ϫ1 was accepted for the barrier to internal rotation of the methyl group around the C-O bond. This value was found from the microwave study 16 and agrees closely with values obtained from ab initio calculations. 4, 16 The double-minimum potential energy function, V͑ ͒ϭV 0 ϩV 1 cos ϩV 2 cos 2ϩV 3 cos 3, was used in this work for the O-O internal rotation. This function was chosen earlier for the hindered rotation potential function in hydrogen peroxide. 24 The expansion coefficients V 0 , V 1 , V 2 , and V 3 can be expressed in terms of the trans barrier height V trans , the cis barrier height V cis , and the COOH dihedral angle e corresponding to a minimum of the potential function. 24 The values of V 0 , V 1 , V 2 , and V 3 were calculated in this work assuming V trans ϭ172.5 cm
Ϫ1
, V cis ϭ2500 cm Ϫ1 , and e ϭ120°. The value of V trans ϭ172.5 cm Ϫ1 (ЄC-O-O-Hϭ180°) was taken from the microwave study. 16 It should be noted that substantially lower values of V trans from 80 to 126 cm Ϫ1 were predicted by ab initio 5, 16, 19, 20 and molecular mechanics 6 calculations, whereas high V trans values of 240-590 cm Ϫ1 were found from other molecular mechanics studies. 4, 5 No experimental data for the V cis rotational barrier have been published. Its value accepted in this work is based on theoretical results [4] [5] [6] 16, 25 which agree closely with each other. The equilibrium COOH dihedral angle, e ϭ120°, was estimated in this work ͑see above͒. The values of the reduced moments of inertia for CH 3 and OH tops were calculated from structural parameters given above.
Experimental data on the vibrational spectra of methyl hydroperoxide are unknown. Vibrational frequencies of CH 3 OOH were predicted from ab initio calculations. 16, 22 In this work, fundamental frequencies of methyl hydroperoxide were estimated by normal coordinate calculations using force constants transferred from the CH 3 OOCH 3 and H 2 O 2 molecules:
͑stretching and stretch-stretch interaction constants are in units of mdyn/Å; bend and torsion constants are in units of mdyn Å; stretch-bend interaction constants are in units of mdyn͒. The valence force fields for CH 3 OOCH 3 and H 2 O 2 were obtained from normal coordinate calculations using known vibrational assignments. 6, 26 Comparison of our frequencies with those obtained in ab initio calculations 16, 22 shows satisfactory agreement taking into account the fact that the ab initio frequencies are unscaled and the anharmonicity contributions are neglected.
The uncertainties in the calculated thermodynamic functions ͑Table 8͒ may reach ͑2-4͒ J K Ϫ1 mol Ϫ1 for C p°( T) and ͑3-5͒ J K Ϫ1 mol Ϫ1 for S°(T). They are caused by the uncertainties in the adopted vibrational frequencies and the approximate model used for internal rotation.
Ideal gas thermodynamic properties of methyl hydroperoxide have not been reported previously. 
Heat Capacity and Entropy
The molecular structure of dimethyl peroxide, CH 3 OOCH 3 , was studied by electron diffraction. 12 The molecular intensities were analyzed using a model which considered the internal rotation about the O-O bond. The equilibrium geometry was determined to be the skew conformation with a C-O-O-C dihedral angle of 119°. The barrier in the trans configuration (ЄC-O-O-C ϭ180°) was found to be 87 ϩ87 / Ϫ52 cm Ϫ1 . This result agrees with an analysis of infrared and Raman spectra 13 and a normal coordinate analysis based on the these data 14 as well as with results of semiempirical, 9,10,15,16 ab initio [17] [18] [19] and molecular mechanics 4, 5, 8 calculations. Photoelectron spectra investigations 20, 21 and ab initio calculations 8,22-24 support an exactly planar or nearly planar trans configuration. However, it should be noted that the value of a dihedral angle depends strongly on the basis set and method used. 19 Hamada and Morishita 25 have described the Raman and infrared spectra of CH 3 OOCH 3 in terms of planar structure of D 3h symmetry. In this work, the product of the principal moments of inertia of dimethyl peroxide for skew conformation of C 2 symmetry was calculated using the structural parameters determined from electron diffraction study. 12 The dimethyl peroxide molecule undergoes three largeamplitude motions: an internal rotation of the OCH 3 groups about the O-O bond and internal rotation of the CH 3 groups about two C-O bonds. Contributions to the thermodynamic properties from these hindered rotors were calculated in this work based on available data on the rotational barriers in CH 3 OOCH 3 . The value of V 3 ϭ900 cm Ϫ1 was accepted for the internal rotation barrier of methyl groups around the C-O bonds. This value was used by Koput 26 in his theoretical model describing the internal rotation in dimethyl peroxide and it is the average of the results of molecular mechanics calculations. 4 The double-minimum potential energy function, V͑ ͒ϭV 0 ϩV 1 cos ϩV 2 cos 2ϩV 3 cos 3, was used in this work for the internal rotation around the O-O bond. This function was chosen earlier for the hindered rotation potential function in hydrogen peroxide. 27 The expansion coefficients V 0 , V 1 , V 2 , and V 3 can be expressed in terms of the trans barrier height V trans , the cis barrier height V cis , and the COOC dihedral angle e corresponding to a minimum of the potential function. 27 The values of V 0 , V 1 , V 2 , and V 3 were calculated in this work assuming V trans ϭ87 cm
Ϫ1
, V cis ϭ4700 cm Ϫ1 , and e ϭ119°. The value of V trans was taken from the electron diffraction study. 12 It agrees with results of theoretical calculations 4, 5, 8, 19 within the limits of experimental accuracy. The adopted value of V cis is based on results of ab initio 8, 18 and molecular mechanics 4, 5 calculations. The values of the reduced moments of inertia for CH 3 and OCH 3 tops were calculated from structural parameters given above.
Christe 13 has investigated the infrared spectra of CH 3 OOCH 3 and CD 3 OOCD 3 both in the gas phase and in an Ar matrix and the Raman spectra of these molecules in the liquid phase. The vibrational assignment proposed by Christe 13 has considerable uncertainty for a number of the vibrations, and the low-frequency modes were not assigned at all. Bell and Laane 14 have carried out a normal coordinate analysis of dimethyl peroxide using the experimental data of Christe. 13 Hamada and Morishita 25 have described the vibrational spectra of CH 3 OOCH 3 in terms of D 3h symmetry. However, this assignment is in conflict with available information on dimethyl peroxide. There are two ab initio calculations of vibrational frequencies of CH 3 OOCH 3 .
23,28 Results of Benassi and Taddei 23 show overall agreement with experimental data taking into account the fact that the ab initio frequencies are unscaled and the anharmonicity contributions are neglected. Chen and Allinger 5 have carried out the molecular mechanics calculation of vibrational frequencies of dimethyl peroxide. Their results are in agreement with the available, but somewhat tentative and incomplete, experimental data. 13 The assignment proposed by Chen and Allinger 5 is accepted in this work. The uncertainties in the calculated thermodynamic functions ͑Table 9͒ may reach ͑2-4͒ J K Ϫ1 mol Ϫ1 for C p°( T) and ͑3-5͒ J K Ϫ1 mol Ϫ1 for S°(T). They are caused by uncertainties in the adopted vibrational frequencies and the approximate treatment of internal rotation.
Ideal gas thermodynamic properties of dimethyl peroxide have not been reported previously. , the contributions due to the internal rotation of O-CO-CH 3 group around O-O bond were calculated from the potential V()ϭV 0 ϩV 1 cos ϩV 2 cos2ϩV 3 cos3, where is the C-O-O-C torsional angle, V 0 ϭ1433.9, V 1 ϭ2222.2, V 2 ϭ1111.1, and V 3 ϭ232.8 ͑in cm Ϫ1 ͒. b Instead of torsional modes 19 and 36 ϳ60 cm Ϫ1 , the contributions due to the internal rotation of CH 3 groups around C-C bonds were calculated from the potential V()ϭ .
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͑stretching and stretch-stretch interaction constants are in units of mdyn/Å; bending, wagging, and torsion constants are in units of mdyn Å; stretch-bend interaction constants are in units of mdyn͒.
The uncertainties in the calculated thermodynamic functions ͑Table 10͒ may reach ͑8-12͒ J K Ϫ1 mol Ϫ1 for C p°( T) and ͑6-10͒ J K Ϫ1 mol Ϫ1 for S°(T). They are caused by the uncertainties in the adopted vibrational frequencies and the approximate treatment of internal rotation.
Ideal gas thermodynamic properties of diacetyl peroxide have not been reported previously. 
Conclusions
The thermodynamic properties of 10 organic molecules have been calculated, based on the critical evaluation of available thermodynamic and spectroscopic information. Where no data were available, estimation techniques were used. Recommended values for the entropy, heat capacity, and the enthalpy of formation at 298.15 K are summarized in Table 11 .
For a first round of new experimental studies, substantially improved formation properties could be obtained with new or confirming measurements for the enthalpy of formation for bromoacetic acid, glycolic acid, the cyanooxomethyl radical, and the three peroxides-methyl hydroperoxide, dimethyl peroxide, and diacetyl peroxide. In order to calculate significantly more reliable thermal functions, the structure and the vibrational frequencies are needed for the cyanooxomethyl radical and diacetyl peroxide, since these data were estimated for these two compounds.
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